A total of 153 patients with locally advanced NSCLC were enrolled in this study to investigate the association between PE and radiation pneumonitis (RP) after definitive thoracic radiation therapy (TRT). The incidence of RP in Grade 2, 3 and 5 were 11.1%, 9.8% and 0.7%, respectively. Univariate analysis revealed that age, PE, forced vital capacity (FVC), arterial partial pressure of oxygen (PO 2 ) and mean lung dose (MLD) were significantly associated with the risk of Grade ≥2 or Grade ≥3 RP in patients with squamous cell carcinoma (SCC, P < 0.05). Logistic analysis demonstrated that PE was an independent risk factor of RP in SCC (P < 0.05). Receiver operating characteristics (ROC) analysis revealed that the combination of age, PE, FVC, PO 2 and MLD had a higher value to predict RP in SCC (AUC = 0.856 in Grade ≥2 RP and 0.882 in Grade ≥3 RP, respectively). Kaplan-Meier analysis revealed that the more severe the PE, the higher the incidence of RP in SCC. Our results revealed that PE was a high risk factor for locally advanced NSCLC patients followed definitive TRT, especially for SCC patients.
causes oncologists to regard COPD as a limitation for TRT in patients of lung cancer due to poor pulmonary function. Pulmonary emphysema (PE) is a crucial subtype of COPD, which is defined pathologically as a group of diseases that demonstrate anatomical alterations in the lung characterized by the enlargement of air spaces distal to the terminal bronchiole and accompanied by destructive changes of the alveolar walls 9 . However, it remains unclear whether the presence of PE is associated with the incidence of RP or severity RP in patients with locally advanced NSCLC. The aim of this study is to evaluate the impact of PE on the incidence of RP in patients with locally advanced NSCLC after definitive TRT.
Materials and Methods
Patient demographics. A total of 153 consecutive patents, who were diagnosed as locally advanced NSCLC by histology and radiology and treated with TRT in Shanghai Pulmonary Hospital from January 2014 to January 2015, were enrolled in this study. Recruitment criteria were as follows: (1) patients who had a Karnofsky performance status (KPS) score >70, and could endure a definitive TRT at a total dose of 58-66 Gy (1.8-2.5 Gy/ fraction/day); (2) patients who received TRT with concurrent/sequential chemoradiotherapy; (3) patients with thoracic CT images taken prior and during TRT, which are available for evaluation; (4) patients with RP who were followed up for <6 months. The prospective evaluation, which included age, gender, smoking history, histology, stage and PE, were assessed through thoracic CT scans. All patients were staged as IIIA or IIIB based on the classification of tumor/node/metastasis (TNM) stages (International Union Against Cancer TNM classification, 7th edition) 10 , and were thereby considered inoperable. Patients with severe PE or poor lung function were considered not suitable for concurrent chemoradiotherapy, and the older patients were reluctant to choose this treatment mode due to poor endurance. All methods mentioned in the protocol were carried out in accordance with institutional guidelines and were approved by the Ethical Review Committee of Shanghai Pulmonary Hospital, Tongji University. Informed consent was obtained from all patients.
Radiotherapy. All patients received a planning CT scan and were immobilized in the supine position with their arms raised in a customized alpha-cradle mold. The simulation CT images were taken in 5-mm increments over the region of interest. Gross tumor volume (GTV) consisted of all known sites of the disease and considered large if it was ≥100 cc. Treatment planning was performed with the ADAC pinnacle treatment planning system. Treatments were delivered with 6 MV photons by 3D-conformal radiation therapy (3D-CRT) or intensity modulated radiation therapy (IMRT) on a linear accelerator (Clinac 21EX, Varian Medical Systems, USA) or a Siemens Artiste (Oncology Care Systems, Siemens Medical Solutions, Concord, CA, USA) digital linear accelerator with a multi-leaf collimator. A planning target volume (PTV) was established to add margins for GTV and for beam position error, which was defined by the radiation oncologist. The planning goal was to deliver the prescription dose to at least 95% of the PTV, while meeting normal tissue constraints. The median total dose was 60 Gy (range: 58-66 Gy), and the fraction dose was 1.8-2.5 Gy (median 2.0 Gy). Patients who underwent stereotactic body radiation therapy (SBRT) were excluded from this study. Dose parameters V5, V10, V15, V20 and V25 were obtained as the percentages of the pulmonary volume irradiated to >5, >10, >15, >20 and >25 Gy, respectively. At the same time, mean lung dose (MLD) was calculated. The complete dose-volume histogram (DVH) data were available for all patients.
Chemotherapy. All patients received chemotherapy. Among these patients, 22 patients were concurrently given chemotherapy, and 131 patients were sequentially given chemotherapy. Among these 131 patients, 123 patients received chemotherapy first and eight patients received TRT first. Although there was no specific chemotherapy protocol, the former usually consisted of GP (gemcitabine and cisplatin; 69 patients, 45.1%), NP (vinorelbine and cisplatin; 20 patients, 13.1%), or TP (toxal and cisplatin; 15 patients, 9.8%). Two courses of consolidation chemotherapy were administered in 69 patients (45.1%).
Evaluation of PE and RP in CT images. PE was assessed according to the low-attenuation areas (LAAs) on CT scans taken prior to treatment, and was classified into five grades based on Satoh K's criteria 11 : no LAAs was classified as Grade 0, sparse and scattered small LAAs up to 5 mm in diameter was classified as Grade 1, adjacent LAAs up to 10 mm in diameter was classified as Grade 2, adjacent or indistinguishable LAAs >10 mm in diameter was classified as Grade 3, and almost no present normal lung parenchyma was classified as Grade 4. The PE grades according to our CT scans are presented in Fig. 1 . No patient suffered Grade 4 PE in the present study. According to the Common Terminology Criteria for Adverse Events 4.0, RP was diagnosed through clinical symptoms and the radiographic changes on the CT scans of patients. These patients were graded as follows: Grade 0, no symptom or radiographic change; Grade 1, asymptomatic and radiographic changes only; Grade 2, symptomatic but did not interfering with the daily life of the patient; Grade 3, symptomatic, interfered with the daily life of the patient, and O 2 was needed; Grade 4, life-threatening and ventilator support indicated; Grade 5, death. RP was graded by several experienced radiation oncologists at our institution to ensure the veracity of the grading. The RP grades based on the CT scans are shown in Fig. 2 .
Follow-up.
A CT scan prior to treatment was necessary for all patients, which was basically planed at the first 1-2 months after TRT. Patients were follow-up weekly up to the end of TRT and every 1-3 months thereafter, in order to evaluate the curative effect and determine adverse events. The follow-up period lasted for more than one year, as the patient's physical status remained stable. The endpoint was the incidence of Grade ≥2 RP.
Statistical analysis.
The association between RP and clinical factors were analyzed using Person Chi-square test or Continuity Correction test. The relationships between PE score and RP Grade were assessed using Spearman's correlation test. Receiver operating characteristic (ROC) curves and Kaplan-Meier methods were carried out to analyze possible predictors and the cumulative incidence rates of Grade ≥2 and Grade ≥3 RP, respectively. Multivariate logistic regression analyses were performed to evaluate the data for the association between clinical factors and DVH parameters with RP. Statistical analyses were performed using SPSS software 13.0. A P-value < 0.05 was considered significant. 
Results
Incidence of radiation pneumonitis and pulmonary emphysema. 140 male and 13 female patients were enrolled in this study. The characteristics of these patients are summarized in Table 1 . The median follow-up was 10 months for all patients. The incidence of Grade ≥2 RP was 21.6% (33 patients), including 1 patient (0.7%) with fatal RP (Grade 5) and 15 patients (9.8%) with Grade 3 RP. No patient suffered from Grade 4 RP. The occurrence of RP ranged from 1 to 11 months (4.1 ± 2.8 months) after the start of TRT. PE occurred in 68 patients, including 45 patients (29.4%) in Grade 1, 22 patients (14.4%) in Grade 2, and 1 patient (0.7%) in Grade 3.
Risk factors associated with radiation pneumonitis. In order to investigate the correlative predictors of RP, the univariate analysis was performed to evaluate clinical and dosimetric factors with the incidence of RP. Results revealed that patients with higher PE Grade and forced vital capacity (FVC) <2.8 L had a higher risk to the development of Grade ≥2RP (P = 0.012 and P = 0.022, respectively). Gender, primary tumor location, pathology, smoking history, forced expiratory volume in 1 second (FEV1)/FVC%, arterial partial pressure of oxygen (PO 2 ), chemotherapy modality (sequential or concurrent), as well as dosimetric parameters including V5, V20 and MLD, were not related to the risk of developing Grade ≥2 RP (all P > 0.05, Table 2 ). In order to perform further investigation, these patients were divided into two groups for a subgroup analysis based on the different pathologies. Results revealed that there was no risk factor for patients with non-squamous cell carcinoma patients to suffer from Grade ≥2 RP, but for patients with SCC, age (P = 0.014), PE (P < 0.001), FVC (P = 0.007) and PO 2 (P = 0.02) presented significant association with the development of Grade ≥2 RP.
The univariate analysis results for risk factors associated with Grade ≥3 RP are presented in Table 3 . The results showed that higher PE Grade (P = 0.006) and older age (P = 0.009) were significantly associated with the development of Grade ≥3 RP in NSCLC. Furthermore, the stratified analysis revealed that V5 was the only factor related to Grade ≥3 RP (P = 0.01) in non-squamous cell carcinoma patients, while in patients with SCC, older age (P = 0.032), higher PE grade (P = 0.007) and higher mean lung dose (MLD, P = 0.037) presented significant results in Grade ≥3 RP. The results of unconditional logistic analysis showed that PE was the major factor with the association of Grade ≥2 RP (OR = 1.985, P = 0.01) and Grade ≥3 RP (OR = 2.275, P = 0.02) in NSCLC. Subgroup analysis showed that PE was the independent factor with the development of Grade ≥2 RP (OR = 3.304, P = 0.002) and Grade ≥3 RP (OR = 2.718, P = 0.031) in patients with SCC (Table 4) .
Receiver operating characteristics (ROC) analysis. The multivariate analysis revealed that PE was the only independent risk factor for the incidence of RP in patients with SCC, and the relationship between PE and RP was analyzed using Spearman's analysis. Results revealed that PE Grade was positively correlated with RP Grade (rho = 0.249, P = 0.002). In addition, the ROC curve revealed that the area under the curve (AUC) of PE in NSCLC was 0.647 (P = 0.01) in Grade ≥2 RP and 0.715 (P < 0.001) in Grade ≥3 RP; and with the combination of the five factors (PE, age, FVC, PO 2 and MLD), the AUC was up to 0.729 (P < 0.001) in Grade ≥2 RP and 0.797 (P < 0.001) in Grade ≥3 RP (P < 0.001). However, in patients with SCC, the AUC of PE was 0.756 (P = 0.001) in Grade ≥2 RP and 0.771 (P = 0.005) in Grade ≥3 RP; and with the combination of the five factors (PE, age, FVC, PO 2 and MLD), the AUC was up to 0.856 (P < 0.001) in Grade ≥2 RP and 0.882 (P < 0.001) in Grade ≥3 RP (P < 0.001) (Fig. 3) . The cumulative incidence of Grade ≥3 RP and Grade ≥2 RP in different PE Grades was calculated using Kaplan-Meier methods (Fig. 4) . The events of Grade ≥2 RP in NSCLC patients with PE Grade 0, PE Grade 1 and PE Grade ≥2 were 12 (14.1%), 11 (24.4%) and 10 (43.5%), respectively, while the events of Grade ≥3 RP in NSCLC patients with PE Grade 0, PE Grade 1 and PE Grade ≥2 were 3 (3.5%), 8 (17.8%) and 5 (21.7%), respectively. The incidence of Grade ≥2 RP in SCC patients with PE Grade 0, PE Grade 1 and PE Grade ≥2 were 4 (8.3%), 5 (18.5%) and 10 (55.6%), respectively; and the incidence of Grade ≥3 RP in SCC patients with PE Grade 0, PE Grade 1 and PE Grade ≥2 were 1 (2.1%), 4 (14.8%) and 5 (27.8%), respectively.
Discussion
RP remains a major problem that may result in considerable morbidity and limit the dose of radiation treatment in NSCLC patients 12 . Grade ≥2 RP was considered as a symptomatic RP that requires intervention treatment 13 , and Grade ≥3 RP is regarded as severe RP that could lead to poor prognosis 14 . As progress has been made in understanding the underlying mechanism of RP, more work is needed to develop a safe and effective means of preventing and treating this condition. This prospective study aimed to evaluate the incidence rate and risk factors of RP after TRT for lung cancer in a large single institution series. Dosimetric factors such as V20 and MLD are considered to be highly correlated with the incidence of RP 12, 15 . Some investigations have implied that V20 ≥ 25% or MLD ≥14 Gy would be a risk factor to increase the incidence of severe RP 14, 16 . In this study, although the TRT dose was reduced to a safety range: the mean value of V20 and MLD was <25% and 14 Gy, the occurrence of RP was still similar to other researches 2, 14 . This suggests that other clinical factors or systemic agents are involved in the occurrence of RP. Our investigation revealed that factors including age, PE, PO 2 , FVC and MLD were significantly associated with the development of RP, and the presence of PE was the only independent risk factor for the development of symptomatic or severe RP. In the stratified analysis, risk factors such as age, PE, FVC and PO 2 were more significant in patients with SCC. However, no significant results were detected in non-squamous cell carcinoma patients. Furthermore, the results of the present study revealed that the severity of PE was correlated to the higher cumulative incidence of symptomatic or severe RP in locally advanced NSCLC
Risk factors
Non-small cell lung cancer (n = 153) Non-squamous cell carcinoma (n = 60) Squamous cell carcinoma (n = 93) patients with SCC after TRT. Moreover, the combination of age, PE, FVC, PO 2 and MLD had a higher value to predict the occurrence of RP.
RP<G2 (n%) RP ≥G2 (n%) P-value RP<G2 (n%) RP ≥G2 (n%) P-value RP<G2 (n%) RP ≥G2 (n%) P-value
Although the relationship between RP and COPD including PE has been investigated in recent years, it still remains controversial. Some researchers have pointed out that patients with COPD or PE have a higher risk of suffering from RP 8, 15 , while other researchers reported that patients with severe COPD or PE had lower risk of suffering from RP followed by SBRT 16, 17 . In addition, other researchers have shown that PE was irrelevant to the incidence of RP after TRT 13, 14 . Our results revealed that PE was a risk factor related to RP, but this association only existed in NSCLC patients with SCC. This is a new finding for radiation oncologists, because few researches have focused on the risk of RP between different types of pathology in NSCLC. The main reasons considered are as follows: First, the majority of SCC have been considered to occur centrally and grow largely. Hence, the GTV of patients with SCC are usually larger than those patients in other types of pathology, and the irradiated area in residual lung parenchyma were also larger. Second, the central SCC may obstruct the airway and lead to lower pulmonary function, which would cause an imbalance between oxidants and antioxidants and create a higher
Risk factors
Non-small cell lung cancer (n = 153) Non-squamous cell carcinoma (n = 60) Squamous cell carcinoma (n = 93) RP <G3 (n%) RP ≥G3 (n%) P-value RP <G3 (n%) RP ≥G3 (n%) P-value RP <G3 (n%) RP ≥G3 (n%) P-value Table 4 . Unconditional logistic analysis of possible risk factors associated with the development of RP.
a P for the trend of grade 0, Grade 1 and Grade ≥2; RP, radiation pneumonitis; OR, odds ratio; NSCLC, non-small cell lung cancer; SCC, squamous cell carcinoma; G2, Grade 2; G3, Grade 3; PE, pulmonary emphysema; FVC, forced vital capacity; PO 2 , arterial partial pressure of oxygen; MLD, mean lung dose. Significant differences are indicated in bold.
level of reactive oxygen species (ROS) 18 . Those factors could positively enhance lung injury. Finally, local and systemic chronic inflammation, which was the main characteristic of COPD and PE, might cause chronic mitogenesis and increase the likelihood of DNA damage 19 . This mechanism was considered to be a trigger of RP 20 . The association between age and RP was also investigated in recent studies. Tsujino et al. 14 reported that an age of ≥68 was a risk factor in their model for predicting severe RP in a retrospectively study of 122 patients, who had a median age of 63 years old. A literature-based meta-analysis pooled 11 studies for age comparison, and concluded that older patients were more likely to increase RP risk 21 . Some other studies revealed that age was not a significant risk factor associated with RP 13, 16 . It is noteworthy that these studies commonly used the median age as the dichotomizing value, while the practice of dichotomizing continuous covariates was considered unnecessary for statistical analysis 22 . Additionally, poor pulmonary function tests did not increase the risk of RP, as been reported in some investigations 14, 16 . They suggested that TRT could also be a good treatment option for patients with NSCLC combined with COPD or PE. However, in a prospective study, Jeba et al. 23 revealed that there was a universal fall in all pulmonary function parameters except for Diffusing Capacity for Carbon Monoxide (DLCO) in patients with RP. Hence, the main consideration on the adverse reaction of TRT in patients with COPD was not RP, but the worsening of lung function. Furthermore, no study has reported on whether age or pulmonary function factors could be a good predictor for RP in patients with SCC. Our data revealed an insignificant value in the correlation of RP and age or pulmonary function after the multivariate analysis. However, the combination of the five factors (age, PE, FVC, PO 2 and MLD) provided a higher accuracy to predict RP than PE only. Consequently, careful observation and management of RP should be provided after TRT in such patients with older age, higher grades of PE and severe pulmonary function.
There were some limitations in this study. Concurrent chemoradiotherapy is usually the standard treatment for patients with locally advanced NSCLC 24 . However, cases that underwent concurrent chemoradiotherapy were less than the other studies in our data. After the statistics analysis, we found that there was no difference in RP rate, regardless of whether patients accepted concurrent chemoradiotherapy or not; and this coincided with the results of other investigations 14, 16 . Nevertheless, concurrent chemoradiotherapy should be encouraged for patients with a good condition to endure the adverse reaction, in order to improve the local control of NSCLC. Another limitation is that the diagnosis of PE was evaluated through CT images, which lacks prospective data or physiological data to demonstrate the correlation of PE and RP. In addition, the number of patients with Grade ≥3 PE was not enough to draw a definitive conclusion, which would reduce the statistical power of this study. Therefore, further prospective studies will be needed to assess our results. 
